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(57) Abstract 

According to the present invention, 
haptic interface system, also known 
as a force feedback system, comprises a 
motor for supplying actuating energy and a 
magnetically-controllable device that transfers 
the actuating energy into force feedback 
sensations. The magnetically-controllable 
device contains a magnetically-controllable 
medium beneficially providing variable 
resistance forces in proportion to the strength 
of an applied magnetic field. The system 
further comprises a computer system having 
a processor that runs an interactive program 
or event, a video display for displaying the 
interactive program or event, and a haptic 
interface device in operable contact with an 
operator for controlling inputs to the interactive 
program. Based on the received inputs and 
on processing the. interactive program, the 
computer system provides a variable output 
signal, corresponding to a feedback force, to 
control the magnetically-controllable device in 
transferring the actuating energy into feedback 
force that is actively applied to haptic interface 
device. 




FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 




LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


CE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MC 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Malt 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


us 


United States of A me 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


HZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE . 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


KyTgyzstan 


NO 


Norway 


ZVV 


Zimbabwe 


CI 


C6te d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 00/28405 



PCT/US99/26047 



MAGNETICALLY-CONTROLLABLE, ACTIVE 
HAPTIC INTERFACE SYSTEM AND APPARATUS 

Field of the Invention 

* The present invention re.ates general* to haptic interface systems for 

provtdtngW feedback sensations, and tnore particu.ar.y, to active force feedback 
systems emptying a magnencany.ontrollable medium ,o provide resistance force, 

Background 

Haptic interface systems, also known as force feedback systems, provide an 
operator holding an interface device, such as a Joystick, with LatJ 
corresponding to whatever is being controlled by the interface device. A common 

^movement of a Joystick or steering device are coordinated with phys i cal force 
unpaged to the openttor's band, tbrougb tbe Joystick or steering device, to provide a 

for even, happening on the disp.ay. For exampIe , jn a „ ^ 
game, when an ope ra tor steers a car around a sharp tun, at high speed , the hap(ic 
interface systen, imparts fo.e on the steering wheel to make it more difficult to turn 
the wheel mto the curve. This force feedback simulates the centrifugal fo ree of the 
car m ^„g * tum ^ Me ^ ^ ^ ^ ^ ^ ^ ^ 

Thus, hapnc interface systems provide remote simu.ation of the actual physical 
feelmg associated with an action or event through force feedback 

Typical haptic interface systems include one or more motors connected to the 
interface device in order to intpatt the f orce feedback sensation. Typica, motors 
mclude dtrcc, current (DC) stepper motors and servomotors. If tbe interface device 
>s a joystick, motors are used to impart fon:e in an .direction, in a y-di^ion. or in 
com Ration to provide force in any typical direction mat the joystick may be moved 
Snarly, if tbe interface device is a steering wheel, motors are used to impart 
rotattonal force in a ciockwise direction and in a counterclockwise direction Thus 
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motors are used to impart forces in any typical direction that the interface device may 
be moved. 

In a system using a single motor, the motor may be connected to the interface 
device through a gear train, or other similar energy transfer device, in order to 
5 provide force in more than one direction. In order to enable one motor to be used in 
a system, a reversible motor is typically utilized to provide force in two different 
directions. Additionally, mechanisms are required to engage and disengage the 
various gears or energy transfer devices to provide force in the proper direction at the 
proper time. In contrast, other typical systems use more than one motor to. provide 
10 force in the required directions. Thus, current systems utilize a number of differing 
approaches to handle the delivery of force feedback sensations. 

Current haptic interface systems may be disadvantageous, however, for a 
number of reasons. One primary area of concern is the cost of such systems. One 
item greatly contributing to the cost of a typical system is the use of DC stepper and 
15 servo-motors, and reversible motors. These types of motors are very sophisticated, 
requiring the ability to change speeds or revolutions per minute (rpm), maintain 
different speeds, and reverse rotational direction. These features require greater 
mechanical and electrical complexity, which equates to a comparatively very high 
cost. Further, these motors need to be small in size in order to keep the haptic 
20 interface system from becoming unwieldy. This additionally complicates their 
design and increases cost. Also, because of their relatively small size, the 
sophisticated motors typically required in a haptic interface system are only able to 
generate a limited amount of torque. As such, the operator of an interface device 
may easily be able to overcome the torque or force feedback supplied by the motor. 
25 Thus, providing a small, sophisticated motor for a haptic interface system is 
relatively very costly, and may result in insufficient force feedback. 

Also disadvantageously, the typical DC motors used in haptic interface 
systems are not designed to perform in the manner required by the system. In order 
to provide force feedback, typical systems use direct drive motors configured to 
30 mechanically engage the output shaft of the motor with the interface device. For 
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example, the output shaft of a DC motor may be geared to a steering wheel shaft or 
linked to a slide or other mechanism controlling the movement of a joystick. When 
the motor engages the gear or slide, the motor drives the interface device to provide 
force feedback. The operator holding the interface device, however, typically 
5 opposes the force feedback. The opposing force supplied by the operator then works 
against the direction of the motor output, which tends to stall the motor. Not only 
does this opposing force tend to wear out and/or strip components within the motor 
or associated gear train, but the stall condition leads to the generation of higher 
electric currents within the motor, straining the electrical components in the motor. 
Due to the repetitious nature of a haptic interface system, the reliability and longevity 
of motors in such haptic interface systems are severely reduced. Thus, motors used 
in typical haptic interface systems are typically not very well suited for the 
demanding environment in which they are operated. 

Yet another disadvantage of current commercial haptic interface systems is 
that high impact forces from a motor connected to an interface device may be 
dangerous for the operator of the interface device. When the haptic interface system 
requires a quick, high impact force, a motor connected to an interface device may 
respond with a large force that may injure the operator if the operator is not ready for 
the abrupt force. This may be corrected for by ramping up the speed of the motor to 
achieve the force, but then the sensation becomes less realistic. Further, varying the 
engagement speeds of the motor complicates the software program that is used to run 
the haptic interface system, thereby further increasing cost. Thus, producing a 
realistic-feeling high impact force with current haptic interface systems may be 
dangerous to the operator or may require costly and complex system programming. 

Some prior art devices have attempted to overcome some of the drawbacks of 
current haptic interface systems, with limited results. An electrorheological (ER) 
actuator utilized in a force display system is proposed by J. Furusho and M. 
Sakaguchi in "New Actuators Using ER Fluid And Their Applications To Force 
Display Devices In Virtual Reality Systems," in the Proceedings of the International 
Conference on Electro-Rheological Fluids, Magneto-Rheological Suspensions and 
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their Applications, July 22-25, 1997, Yonezawa Japan. An ER actuator comprises a 
device that contains an ER fluid, which is a substance that changes its shear strength 
with application of an electric field. The ER fluid can then be used as a clutch or a 
brake to increase resistance between two members. 
5 The use of such an ER actuator is severely disadvantageous, however, for use 

in typical haptic interface systems, such as for computer games. One major issue is 
that an ER actuator presents a major safety problem because of the high electric 
voltages required to produce the electric field necessary to generate a desired change 
in shear strength in the ER fluid. For a haptic interface system, a typical ER fluid 

10 actuator may require voltages in the range of about 1000 to 5000 volts. Conversely, 
the motors used in the typical systems described above require in the range of about 
100 milliamps (mA) to 1.0 A of current at 12 volts. Thus, the voltage required to 
operate an ER actuator is very high, making an ER actuator undesirable, and possibly 
unsafe, for a consumer device subject to a great amount of wear and tear. 

15 Additionally, an ER actuator detrimentally requires expensive seals to hold 

the ER fluid within cavities within the actuator. Seals frequently wear, causing 
reliability problems for ER actuators and concerns about ER fluid leaks. Further, the 
use of seals typically requires machined parts having tight tolerances, additionally 
increasing the cost of the ER actuator. Also, ER actuators also require expensive 

20 bearings to insure the relative positioning of the tight-tolerance parts. 

Similarly, precise machining is required for the rotating internal components 
of an ER actuator, further increasing the cost of the actuator. Because an ER device 
requires a relatively large amount of surface area between the ER fluid and the two 
members that the ER fluid contacts, tight-tolerance machining is needed between the 

25 multiple, adjacent surfaces of the members. Thus, a relatively large amount of 
surface area may be required to generate sufficient torque to provide the levels of 
force feedback required by typical haptic interface systems. 

Finally, typical ER actuators that provide appropriate force may be too large 
to be integrated into a commercial haptic interface system. The device utilized to 

30 provide force feedback in a typical haptic interface system must be small and 
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lightweight in order to be practically integrated into the system. An ER actuator 
meeting these requirements is very costly to produce, besides having the above-stated 
deficiencies. Thus, utilization of an ER actuator in a typical haptic interface system 
is not desirable. 

5 Therefore, it is desirable to provide a haptic interface system that is more 

simple, cost-effective, reliable and better performing than the above-stated prior art. 

Summary of the Invention 

According to a preferred embodiment of the present invention, a haptic 
10 interface system comprises a motor for providing actuating energy and an associated 
magnetically-controllable device that advantageously transfers a variable amount of 
the actuating energy into a variable feedback force. The magnetically-controllable 
device beneficially comprises a magnetically-controllable medium that provides a 
variable resistance force in proportion to the strength of an applied magnetic field. 
15 The system further comprises a computer system adapted to run an interactive 
program, a video display for displaying images associated with the interactive 
program, a haptic interface device in operative contact with an operator who controls 
and responds to the interactive program, and a sensor that detects the position of the 
haptic interface device and provides a corresponding variable input signal to the 
20 computer system. The motor is preferably a direct current motor rotating in a single 
direction at a constant speed. The motor and magnetically-controllable device, acting 
as a clutch to allow slip within the magnetically-controllable device rather than 
stalling the motor, synergistically comprise a low cost and efficient haptic interface 
system. 

25 The computer system processes the interactive program, and the variable 

input signal from the sensor, and provides a variable output signal corresponding to a 
feedback force that provides the operator with realistic sensations corresponding to 
the interactive program. The variable output signal energizes a magnetic field 
generating device, disposed adjacent to the first and second members, to produce a 

30 magnetic field having a strength proportional to the feedback force. The magnetic 
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field is applied across the magnetically-controllable medium, which is disposed in a 
working space between a first member and a second member. The applied magnetic 
field changes the resistance forces of the magnetically-controllable medium 
associated with the relative movement between a first member engaged by the motor 
and a second member in communication with the haptic interface device. The first 
and second members may be adapted for linear, rotational and curvilinear relative 
movement. The actuation energy of the motor is transferred through the first 
member to the second member in variable amounts corresponding to the resistance 
forces provided by the magnetically-controllable medium to provide a feedback force 
to the haptic interface device. As such, the variable output signal from the computer 
system controls applied magnetic field strength, and hence the variable resistance 
forces available. This beneficially allows the motor to run at an approximately 
constant speed, while the frequency and intensity of the feedback force is managed 
through the control of the magnetically-controllable device, minimizing stress and 
wear on the motor. Thus, the present haptic interface system provides the interactive 
program's operator with realistic force feedback sensations generated by the 
magnetically-controllable device. 

In a preferred embodiment, the magnetically-controllable medium within the 
magnetically-controllable device is contained by an absorbent element disposed 
between the first member and the second member. The absorbent element may be 
compressed from a resting state, preferably the amount of compression is in the range 
of about 30%-70% of its uncompressed state. The absorbent element may be formed 
as a matrix structure having open spaces for retaining the magnetically-controllable 
medium. Suitable materials for the absorbent element comprise open-celled foam, 
such as from a polyurethane material, amongst others. 

The magnetically-controllable medium is a medium having a shear strength 
that varies in response to the strength of an applied magnetic field. One preferred 
type of magnetically-controllable medium is magnetorheological fluid. As 
mentioned above, the magnetic-field generating device, preferably an 
electromagnetic coil, provides the applied magnetic field. The coil typically 
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comprises a wire having a number of turns and a certain gauge. The number of turns 
and gauge of the wire, however, are dependent upon the desired range of the variable 
strength magnetic field and upon the electric current and voltage of the variable 
output signal. 

The haptic interface device of the present invention may be any device in 
operative contact with the operator for controlling and responding to the interactive 
program, such as a video game. For example, a suitable haptic interface device may 
comprise a steering device or a joystick. 

The computer system may comprise a host computer, a controller and an 
amplifier. The controller and amplifier, as is explained below, may alternatively be 
separate components or part of a haptic interface unit. The host computer comprises 
a processor that runs the interactive program. The controller comprises a 
microprocessor and firmware that are used to modify the variable input signal 
received from the sensor and the variable output signal received from the host 
computer. The controller then provides a modified variable input signal to the host 
computer and a modified variable output signal to the magnetically-controllable 
device. The controller modification function performed by the controller enables 
communication between the host computer and the magnetically-controllable device 
and the sensor. The amplifier further modifies the output signal to provide a 
modified variable output signal in situations where the output signal from host 
computer is not sufficient to control the magnetically-controllable device. The 
controller and amplifier may act as local processors, reducing the burden on the host 
computer by providing output signals upon locally processing certain sensor input 
signals that do not need to be processed by the host computer. 

In one embodiment, the present invention discloses a haptic interface unit 
comprising the motor and magnetically-controllable device, as described above, 
mounted within a frame. The haptic interface unit may further comprise the haptic 
interface device, sensor, control unit and amplifier, as described above. 

In another embodiment, a haptic interface system comprises a host computer, 
haptic interface device, sensor and control unit, substantially as described above. 
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Th.s embodiment further inciudes a magnefic^„ ntrouaWe device having a motor 
£ P^drng actuating energy , . fim energizab]e ^ provj force 

feedbadc actual energy in . first rotationa] ^ ^ . ^ 
, " Pr0VWing f ° rCe M — * — j " > ~ ro,io„, 
in ye, another embodiment, a foree feedback contro. system comprises a 

Tr receiving a variabie input signai Md providi ^ • ««• 

,gnal, where the computer system is adapted for running an interactive program ^ 
processes » vM input signa) and , ^ ^ ^ ^ 

zrjT r ; ,evel of rotationai force ^ ™ s — - «-i 

ro tabic shaft for transferrin, the ievei of rotationai force feedback, and a rotor 

sensor device is i„ communication with the rotatabie shaft and the computer system 
The sensor device provides the variabie input signai representative of a rotationai 
position of said rotatable shaft to the computer system. 

The : contro, system further inciudes a firs, rotatabie member adjacent to the 
first s.de of the rotor and a second rotatabie member adjacent to the second side of 
*. -or. A first coii is disposed between the first rotatabie member and the rotor 
where the first coi, energizabie in response to the variabie output signa, to produce J 
first, var.bie-strength magnetic fieid. Simiiariy, a second coii is disposed between 
the second rotatabie member and the rotor, where the second coii is energise in 
response to the variabie output sig naI t0 produce a secondi variaWe . strength 
magnet, fieid. Aiso. a firs, absorbent matrix comprising a magneticaiiy-controiiabie 
medmm ,s disposed between the fi re , rotatabie member and the rotor, where ,he first 
absorbent matrix provides variabie resistance between the first rotatabie member and 
the rotor ,n proportion to the strength of the first magnetic fieid. Simiiariy. a second 
absorbent matrix aiso comprising a magneticaiiy.ontroi.abie medium is disposed 
between the second rotatabie member and the rotor, where the second absorbent 
matnx provides variabie resistance between the second rotatabie member and the 
rotor m proportion to the strength of the second magnetic fieid. Further, the contro. 
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system comprise a motor for providing the rotationa. force feedback energy in 
communication with the first rotatable member and the second ^ ^ 
where the motor is adapted for rotating the shaft in a fir* directi on by transferring 
energy through the first rotatable member to the rotor and the motor is also adapted 
for rotating the shaft in a second direction by transferring energy through the second 
rotatable member to the rotor through the se.ective energization of the first coil and 
the second coil. In this embodiment, the computer system may additionally be in 
communication with the motor. Finally, the contro. system may further include a 
haptic mterface device in communication with the rotatable shaft for receiving the 
10 rotational force feedback. 



Brief Description of the Drawings 

Fig. 1 is a schematic representation of a haptic interface system according to 
me present invention; 

Fig. 2 is a perspective view of one embodiment of a haptic interface unit 
according to the present invention; 
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Fig. 3 is an exploded perspective view of the hepatic interface unit of Fig. 2, 
with some components omitted for clarity; and 

Fig. 4 is a cross-sectional view of the haptic interface unit in Figs. 2 and 3. 

Detailed Description of the Invention 

According to the present invention, referring to Fig. ,, an active haptic 
■nterface system ,0 for providing force feedback sensations to an operator 12 
comprises a magneticaily-controllable device ,4 inc.uding a magnetically 

25 contro.lable medium, driven by a motor .6, that imparts active forces, or active force 
feedback sensations, to the operator through a haptic interface device 18 such as a 
steenng whee). Operator .2 moves haptic interface device ,8 tocontro. and respond 
to an interactive program run by computer system 20. with corresponding images 
d-splayed on video display 22. A sensor 24 detects the movements of haptic 

30 'nterfacedevice.8andreportsthemovements,ocomputersystem20. Alternatively 
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or in addition, a sensor may sense applied torque. Computer system 20 interactively 
responds by generating new images on display 22 and by actively controlling 
magnetically-controllable device 14 to provide variable active feedback forces 
corresponding to the movement of haptic interface device 18 and corresponding to 
5 the images on the display 22. Computer system 20 sends a signal, corresponding to a 
desired active force feedback sensation, to magnetically-controllable device 14. The 
signal commands magnetically-controllable device 14 to vary its resistance in a 
manner that transfers energy from motor 16 to haptic interface device 18 to produce 
the desired active force feedback sensation. Thus, haptic interface system 10, and 
10 particularly magnetically-controllable device 14 in combination with motor 16, 
advantageously provide a simple, cost-effective, high performance solution for 
supplying active, variable feedback forces enabling operator 12 to feel realistic force 
feedback sensations. ' 

Haptic interface system 10 of the present invention is particularly beneficial 
in providing a very cost efficient, compact and robust active force feedback system. 
As used herein, the term "active" refers to the ability to independently impart an 
active (positive acting, i.e., performing useful work) force to haptic interface device 
18. In contrast to prior art haptic interface systems that provide active force feedback 
utilizing expensive stepper and servo motors directly connected to the haptic 
interface device, haptic interface system 10 of the present invention advantageously 
utilizes a simple, inexpensive uni-directional motor 16 in combination with 
magnetically-controllable device 14 to provide active force feedback sensations. 
Magnetically-controllable device 14 acts as a clutch, allowing slip to occur within the 
magnetically-controllable device 14 rather than stalling the motor 16. 
25 In contrast, prior art systems allow stalling to occur within their expensive 

motors, causing electric current within the motor to rise, which subjects the motor to 
high stress and increases the wear on the motor. The continual wear and tear to 
which the motors in prior art systems are repetitively exposed explains why the prior 
art systems require such expensive and heavy-duty motors. The prior art systems 
simply are not well-suited and not efficiently designed for the demanding 
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environment of an active force feedback system. These problems are alleviated with 
the present invention, however, as slip within magnetically-controllable device 14 
reduces stall conditions imparted to the motor 16. As a result, less expensive and 
less heavy-duty motors can be utilized in the present invention, thereby reducing the 
cost of the system. 

Through continual feedback between haptic interface device 18 and computer 
system 20, the computer system directs magnetically-controllable device 14 to 
provide variable resistance that transfers energy from motor 16 to the haptic interface 
device to impart a force. Further, based on processing the interactive program 
computer system 20 directs the resistance provided by magnetically-contro.lable 
dev.ce 14 to vary in conjunction with images on display 22 and with the movement 
of the haptic interface device 18. As one skilled in the art will realize, computer 
system 20 is capable of processing numerous games or events that may comprise 
mteractive program, and the examples given below are no. intended to be limiting. 

For example, if that computer system 20 is running a race car driving 
interactive program, and operator 12 attempts to move haptic interface device 18 in a 
direction that steers the race car to deflect off of a non-destructible wall, the 
computer system controls magnetically-controllable device 14 to transfer energy 
from motor 16 to impart an impulse force to haptic interface device 18 upon " 
impacting the wall. Additionally, as long as operator 12 continues to steer into the 
wall, magnetically-controllable device 14 and motor 16 provide resistance forces 
equal to or greater than the force applied to the haptic interface device 18 by the 
operator to simulate the immovable, non-destructible feel of the wall. 

Similarly, given the same interactive race car driving program and operator 
12 driving the car around a curve, computer system 20 provides a signal that directs 
magnetically-controllable device 14 to provide a variable amount of resistance that 
transfers energy from motor 16 to provide a force feedback that opposes the force 
applied by operator 12 to haptic interface device 18. The opposing foree varies 
depending upon the speed and traction of the car and the sharpness of the curve, for 
example. As a result, system 10 of the present invention provides resistance force 
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feedback sensations felt by operator 12 through haptic interface device 18, giving the 
interactive program a realistic feel for the maneuver attempted. Thus, the system of 
the present invention imparts an active feedback force to the haptic interface device 
to simulate the real-life forces that would be experience for the event displayed on 
the display 22. 

Referring now to Fig. 1 through Fig. 4, one embodiment of a haptic interface 
unit 26 comprises magnetically-controllable device 14, motor 16, haptic interface 
device 18 and sensor 24 mounted to a frame 28. As one skilled in the art will realize, 
haptic interface unit 26 may also include a control unit 30 having a processor 32 for 
locally controlling communications between computer system 20 (Fig. 4) and the 
haptic interface unit components. Computer system 20 drives the motor 16 at a 
constant speed, and is also is in communication with sensor 24 and first and second 
magnetic-field generating devices 34, 34' within magnetically-controllable device 
14. It should be noted that for clarity of Fig. 3, the components on the other side of 
15 motor 16 and the bottom and end plates of frame 28 are removed. It should be 
understood that the components on the other side are a mirror image of those shown. 
Motor 16 advantageously turns first and second disc-shaped members 36, 36' in 
opposite directions through engaging member 38, while the motor 16 turns the 
motor's output shaft 50 in a single direction. As members 36, 36' are counter-rotated 
by motor 16, computer system 20 selectively energizes magnetic-field generating 
devices 34, 34' in response to processing the interactive program and variable input 
signal from position sensor 24. The selective energization results in transferring 
rotation of the associated member 36 or 36' to drive shaft 50 that is fixedly attached 
to central rotor 42. The energy of motor 16 is transferred to rotor 42, and hence to 
25 drive shaft 50, by a change in resistance between the rotor and member 36 or 36', or 
both resulting from applying a magnetic field across one of the respective 
magnetically-controllable medium 44 or 44', or both contained in absorbent element 
46 or 46'. System 10 of the present invention thereby beneficially provides active, 
bi-directional forces, depending on the selective energization of magnetically- 
controllable device 14. Thus, an operator (not shown) in operative contact with a 
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haptic interface 18, a steering wheel in this case, feels active force feedback 
sensations resulting from the energy transferred through magnetically-controllable 
device 14 from motor 16. 

Magnetically-controllable device 14 beneficially contributes to the cost- 
efficient, compact and robust design of haptic interface system 10. Referring to Figs. 
3 and 4, a typical magnetically-controllable device 14 comprises first and second 
magnetically-controllable mediums 44. 44' respectively disposed in working spaces 
48, 48' between first rotatable member 36 and rotor 42 and between second rotatable 
member 36' and rotor 42, respectively. Disc members 36, 36' are disposed for 
independent, relative rotation about shaft 50, while rotor 42 is fixed to, and rotates 
with, the shaft. 

Shaft 50 is rotatably fixed to frame 28, preferably in two places on opposite 
sides of magnetically-controllable device 14. Bushings 52, 52' may be positioned 
within ends of frame 28 to radially support shaft 50 while allowing relatively 
frictionless rotation thereof. Suitable materials for bushings 52, 52' include Nylon, 
Teflon®, Delrin® or MDS filled Nylon, or any other similar material or device, such 
as a bearing, that can bear the weight and rotational forces of shaft 50 and 
magnetically-controllable device 14 without substantially deforming and that 
provides relatively frictionless rotation between shaft 50 and frame 28. 

Similarly, spacers 54, 54' may be respectively positioned between members 
36, 36' and shaft 50 to reduce friction between the members and the shaft. Low 
friction is important because shaft 50 is often rotating in a direction opposite that of 
member 36 or 36', depending on which magnetic-field generating device 34 or 34' is 
selectively energized. Friction between shaft 50 and members 36, 36' should 
preferably be minimized in order to increase the efficiency and response of system 10 
and reduce drag on the shaft. Suitable materials for spacers 54, 54' include Nylon. 
Teflon®, Delrin®, and MDS filled Nylon, or any other material or device, such as a 
bearing, that reduces friction between shaft 50 and members 36, 36'. Additionally, 
spacers 54, 54' may be positioned between members 36, 36* and rotor 42 to set the 
appropriate spacing between each member and the rotor. Also, spacers 54, 54' help 



WO 00/28405 



14 



PCT/US99/26047 



!5 



to reduce friction between members 36, 36' and rotor 42, for the same reasons as 
described above. 

Magnetically-controllable mediums 44, 44' are respectively under the 
influence of first and second magnetic-field generating devices 34, 34', selectively 
5 energizable to produce a variable strength magnetic field across the respective 
adjacent medium. The variable strength magnetic field is in proportion to the' 
variable output signal 45, 45' from computer system 20, which corresponds to a 
desired feedback force computed by the computer system. Each magnetically- 
controllable medium 44, 44' is a medium that provides a change in resistance to 
10 relative movement in proportion to an applied magnetic field. For example, 
magnetically-controllable mediums 44, 44' may have a shear strength that changes in 
proportion to the magnitude of an applied magnetic field. In other words, the 
"apparent viscosity" of the medium changes proportionally with the strength of an 
applied magnetic field, providing shear force to resist relative movement between 
15 each respective rotatable member 36, 36' and rotor 42. A suitable medium for 
magnetically-controllable mediums 44, 44' may comprise a magnetorheological fluid 
such as described in commonly assigned US Pat. Nos. 5,683,615 and 5.705,085 
hereby incorporated by reference. Other fluids, such as carbonyl iron dispersed in 
hydrocarbon oil, or and any medium exhibiting a change in properties in response to 
10 an applied magnetic field. Other magnetorheological fluids which may be used in 
the present invention are disclosed in, for example, U.S. Patent No. 5,382,373 to 
Carlson et al. and U.S. Patent No. 5,578,238 to Weiss, et al., hereby incorporated by 
reference. 

First and second members 36, 36' are each rotatable by motor 16 and located 
adjacent to their respective magnetic-field generating device 34, 34'. Members 36, 
36' are preferably disposed on opposite sides of rotor 42 and preferably both 
members are counter-driven by motor 16. Preferably, motor 16 rotates members 36, 
36' continuously, and in opposite directions, in order to reduce the complexity and 
cost of the motor and to take advantage of the momentum of the rotating member 
upon engagement with rotor 42 to provide force feedback sensations. As one skilled 
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in the art will realize, however, motors having various operating specifications, such 
as continuous rotation versus rotation on demand and uni-directional rotation versus 
bi-directional rotation, may be effectively utilized with the present invention. 

Members 36, 36', as well as rotor 42, each preferably include a magnetically 
5 permeable material, such as magnetically-soft steel, for example AISI 1018 steel or 
AISI 12L14 steel, in order to act as pole pieces to produce a magnetic field across 
respective mediums 44, 44', as indicated by flux lines 56, 56\ Members 36, 36* may 
be selectively in communication with haptic interface device 18 upon energization of 
their respective magnetic-field generating device 34, 34'. As such, the operator 12 in 
10 contact with haptic interface device 18 during the selective energization feels the 
changed resistance forces provided by the selectively energized magnetically- 
controllable medium 44, 44\ This results in a transfer of energy between first 
member 36 and rotor 42 or second member 36* and rotor 42 dependent upon which 
generating device 34, 34* is energized. Significant shear force resisting the relative 

15 movement of first or second member 36, 36' and rotor 42 can be obtained with a 
small amount of magnetically-controllable medium 44, 44' between rotor 42 and the 
respective member. Thus, movements that include shear movement between either 
member 36 or 36' and rotor 42 can be variably controlled by the magnetically- 
controllable device according to the present invention. 

20 Additionally, magnetically-controllable device 14 preferably contains 

substantially the entire amount of each body of magnetically-controllable mediums 
44, 44' respectively at working spaces 48, 48'. Any suitable means for containing 
mediums 44, 44' at working spaces 48, 48' can be used. According to a preferred 
embodiment of the invention, means for containing magnetically-controllable 

25 mediums 44, 44' within respective working spaces 48, 48' comprises a first 46 and 
second 46' absorbent elements, respectively. Absorbent elements 46, 46* comprise a 
material that can take up and hold magnetically-controllable medium 44, 44', for 
example by wicking or capillary action. Such absorbent elements and device 
including same are further described in US application Serial Number 08/959,775 to 

30 Carlson entitled "Controllable Medium Device and Apparatus Utilizing Same," 
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which is hereby incorporated by reference herein. Absorbent elements 46, 46' 
preferably have a matrix structure with open spaces for retaining respective 
magnetically-controllable mediums 44, 44\ While each body of magnetically- 
controllable medium 44, 44' is held within the spaces in each respective absorbent 
elements 46, 46', the material itself may or may not be absorbent. 

A particularly preferred material for absorbent elements 46, 46' is a sponge- 
like material, for example, an open-celled foam or partly open-celled foam. Suitable 
materials for making such foams comprise polyurethane, rubber, silicone rubber, 
polyamide, neoprene, loner, mel amine, polyimide high temperature foam, and metal 
foam. Additionally, other exemplary absorbent elements include felts, including felts 
made of material such as Nomex aramid fiber, polybenzimadazole fiber, Teflon fiber 
and Gore-Tex fiber, fiberglass wicking, and woven brake or clutch lining material. 
Other materials and structures are also suitable, such as a metal mesh, a brush, or a 
flocked surface material. 

Absorbent elements 46, 46' also beneficially allow for reduced tolerances 
between the components of magnetically-controllable device 14, thereby reducing 
cost. In order to offset the affects of wear at the surface of absorbent elements 46, 
46*, and to provide a robust design, it is desirable to have each absorbent element 
compressed between rotor 42 and the respective member 36, 36'. Coil springs 58, 
58' may be positioned between frame 28 and members 36, 36' to provide 
compressive forces to absorbent elements 46,46'. Further, coil springs 58, 58' may 
be positioned between bushings 55, 55' which rest against discs 62, 62*. Wear discs 
62, 62' reduce the friction between the rotating members and the coil springs 58, 58*. 
The components of the device 14 are centered by the springs 58, 58', idler 70 and 
engagement member 38. Suitable materials for wear discs 62, 62' and bushings 55, 
55' include Teflon®, Nylon, Delrin®, MDS filled Nylon or any other suitable 
material or device, such as a bearing, that reduces friction between the rotating 
members and the collar and/or coil springs. 

Absorbent elements 46, 46' may be utilized without any compression, but 
each absorbent element is preferably compressed between about 30% and 70% from 
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a resting state to its installed state. Thus, by containing substantially the entire 
amount of each body of controllable medium 44, 44' at respective working spaces 
48, 48', and by allowing for wear of absorbent elements 46, 46', the present 
invention avoids the need to provide a large quantity of medium, and the associated 
seals, bearings and containing devices of the prior art, and accordingly reduces the 
tight tolerances formerly needed on all components. 

Absorbent elements 46, 46' are preferably fixed to their respective rotatable 
member 36, 36' to insure that they remain disposed in respective working spaces 48, 
48'. Alternately, elements 46, 46' may be affixed to either side of rotor 42. 
According to a preferred embodiment, absorbent elements 46, 46' are respectively 
adhesively bonded to the inner faces of members 36, 36', for example, by a pressure 
sensitive adhesive. A preferred material for absorbent elements 46, 46' is an open- 
celled polyurethane foam having a pressure sensitive adhesive on one side. 
Alternatively, absorbent elements 46, 46' may be shaped so that they are held in 
place by the structure of the member, for example, a tubular shaped foam material 
may be fitted around a member as a sleeve. Finally, each absorbent element 46, 46' 
does not need to completely fill each respective working space 48, 48'. 

Motor 16, as discussed above, preferably comprises a simple, direct current 
(DC) motor, preferably rotating in a single direction at a single operating speed. A 
single direction, single speed motor greatly simplifies the present invention and 
reduces cost relative to the motors required in the prior art. Examples of a suitable 
motor 16, comprise small permanent magnet motors manufactured by BuhJer, 
Johnson, Dayton or Canon. 

Again referring to Figs. 3 and 4, motor 16 is mounted to a v-block of frame 
28 by suitable means such as a c-clamp, bracket or retention between members of 
frame 28 upon assembly. Motor 16 additionally comprises an output shaft 40 that is 
in communication with both members 36, 36*. Output shaft 40 may directly engage 
members 36, 36', or preferably the output shaft comprises an engaging member 38, 
such as a pinion, geared wheel or a friction wheel, connecting the output shaft and 
the members. Further, engagement rings 66, 66' may be disposed between each 
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member 36, 36' and shaft 40 or engaging member 38 to provide increased friction or 
efficency to improve tine transfer of energy from motor 16 to the members. Suitable 
matenals for engagement rings 66 and 66' include elastomer, such as natural rubber 
mtnle or neoprene, or any other suitable material or device, such as gear, that 
provide increased efficiency in transferring energy from motor 16 to members 36 



36'. 



25 



Shaft 40 or engaging member 38 and members 36, 36' have a ratio of 
effective diameters, where the "effective diameter" is the diameter of each respective 
component a, the point where they connect, suitable for transferring the rotational 
' energy of motor ,6 to rotor 42. This ratio provides enough torque to generate 
reahstic force feedback sensations to operator 12 through haptic interface device 18 
For example, if the haptic interface device 18 is a 6-10 inch diameter steering wheel 
and that motor 16 is a direct current motor spinning at about 1000-4000 rotations per 
mmute (rpm), then the effective diameter ratio between members 36, 36' and shaft 40 
or engagement member 38 is preferably between about 10:1 and 50:1, and most 
preferably about 18:1. 

Idler device 70 is mounted to frame 28, preferably using bearing device 72 
such as a roller bearing. Idler device 70 is disposed between members 36. 36' 
preferably on the opposite side of magnetically-controllable device 14 from motor 
16. Idler device 70 is a rotational member that complements motor .6 and prevents 
the formation of an angle between members 36, 36' that might cause disengagement 
wtth the motor. Similar to motor 16, idler device 70 comprises an output shaft 74 
that .s in communication with both members 36, 36'. Output shaft 74 may engage 
members 36, 36', or preferab.y the output shaft comprises an engaging member 76 
such as a pinion, geared wheel or a friction wheel, connecting the output shaft and 
the members. As with motor 16. engaging member 76 preferably contacts 
engagement rings 66. 66'. Alternatively, more than one idler may be provided 
whtch are located at 120 degrees clockwise and counter-clockwise from the position 
of motor 16. 
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n- copper, aluminum, gold, silver or th* lit- 

- *p«- „o„ ft, w , toUon , „ a can 1 „ by melhod , 

one of ordinary skill in the art. y 

First and second magnetic fie]d generatjng devices ^ 
oe adjacent t0 first member 3fi ^ ^ ^ ^ 

Prefer .sposed within messes 86, 8,, MpMht(y> withjn ^ ^ 

dev.ce, 34, 34 may be iocated anywhere adjacent rotor 42 and the respectiv 
magnettcally-controllable medium 44 44' and th, . ■ A 
36' in nr,W , A associated rotatable member 36. 

36 ,n order to produce a magnetic flux therethrough. 

Wires comprising each respective coi, 80, 80' are connected by .ead wires 84 
34 to computer system 20, which provides a signai 45, 45- to se.ectiveiy energ ize 
ach cod - ,s discussed in fl.rther detai, beiow. Uad wires 84, 84" may JZ 

Because wires 84. 84' may be mounted to a moving component, such as rotor 42 
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*e re m ay be a need t0 restrjct ^ movemem of (hat mem(jer ^ ordw ^ awjd 
brcakmg , e w ire by excessive stretching, bending or rotatjon Qf ^ 
AHernattvely, raea „s ma y be provided that al.ows a connection between the wires 
and confer s y ste m 20 even with excessive Hnear, rotational, pivotal or curvilinear 
5 — Por example, a s ,ip- ring connector , . wjfe ^ ^ ^ ^ 

nra y be nuhzed lo allow for great atnounts of movement while maintaining a reliable 
connect™. T.ese alternatives are generally more C0StIy> however> ^ ^ ^ 
as destrable for a cost efficient haptic interface system. 

Referring to Fig. ,, magnetica.iy.ontro.Iab.e device ,4 is preferably 
-0 mtegrated with haptic interface device .8 and sensor 24 to comprise a haptic 
-nterface unit 26. Haptic interface unit 26 may additional* comprises a control unit 
30 and/or a s.gna, amplification device 90, as wil, be discussed in more detail be,ow 
Hapfc mterface unit 26 may further comprise a frame 28 for mounting the above-' 
menfoned components. Frame 28 ma y additional* include a housing or shell to 
15 protect the mtemal components from external elements. 

A suitable haptic interface device ,8 may comprise a steering wheel a 
JoystK*. a steering yoke, a seat, a motor hike frame, a jet ski frame, a downhill ski 
frame, or a foot pedal, and any other device in operable contact with operator ,2 
Refers to Fig. 3, haptic interface device 18 (Fig. 4) is fixed to shaft 50, such as by 
force fit, bonding or mechanical means such as a Camp or a set screw. As such 
operator .2 in operative contact with device ,8. in this case a steering wheel also' 
rotates shaft 50. Likewise, shaft 50 is a,so rotated by motor 16 through the selective 
engagement of rotating members 36 or 36' with rotor 42, which is fixed to shaft 50 
Thus, haptic interface device ,8 transfers energy from motor .6 to operator .2 to 
25 provide active force feedback sensations. 

Sensor 24 is in communication with haptic interface device 18 (Fig 4) for 
identifying a detected position within any of the P ,uraK«y of positions within which 
he baptic interface device may be moved. Sensor 24 provides a variable input signal 
2 to computer system 20 based on the detected position. Because haptic interface 
dev.ce ,8 may be continualiy moving, se nsor 24 must quickly provide computer 
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system 20 with an updated detected position of the haptie interface device in order to 
provide a reahstic fee, to the interactive program. IdeaMy, sensor 24 provides 
computer system 20 with a continuous signal, such as an eIect rical current 
res.stance, vohage or digital pulse that varies in response to the movement of the 
detected position, and hence the movement of haptic interface device 18 By 
provtding a continuous signa. to computer system 20, sensor 24 provides 
substantially instantaneous feedback on the position of haptic interface device 18 to 
the computer system 20. Suitable sensors may comprise a potentiometer, such as 
Carostat 10K ohm potentiometer, an optica, encoder, such as a Clarostat Series 6000 
10 TO! rotary encoder, or any type of rheostat or variable ^istor. 

Referring to Fig. 4, for example, sensor 24 such as a potentiometer may be 
mounted on shaft 50, which is fixedly connected to a haptic interface device ,8 a 
steering whee. in this case, to detect and report the rotation of the steering wheel and 
prov ld e a signal 92 ,o computer system 20. A,so, more than one sensor 24 may be 
* requ.red to detect comp.ex movements of haptic interface device ,8. For example if 
haptic interface device ,8 is a joystick, one sensor 24 may be connected to' a 
component of the joystick , 0 determine a movement in the x-direction, while another 
sensor 24 may be connected to another component of the joystick to determine a 
movement in the y-direction. In this examp.e, the x-direc,ion sensor and the y- 
» Erection sensor may each send a variable input signal corresponding to a detected 
joystick position to computer system 20. 

Referring to Fig. 1, computer system 20 at least comprises a host computer 
94, and may include control unit 30 and amplification device 90, among other 
components required to communicate with haptic interface device 18 Host 
computer 94 typically includes an input/output 96 for sending/receiving electrical 
stgnals, a processor 98 and a memory 100 for processing and storing electrical 
s.gnals representative of an interactive program, for examp.e. A suitable host 
computer 94 is, for examp.e, a persona, computer such as a Compaq, IBM Gateway 
or other computer adapted for running executab.e program, Input/output 96 may 
compnse a plurality of seria. and/or para.le. communication ports, such as RS-232 
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type ports, and high-speed bi-directional communication channels like the Universal 
Serial Bus (USB). Processor 98 may comprise an Intel Pentium microprocessor, for 
example. Memory 100 may comprise Random Access Memory (RAM) and Read- 
only Memory (ROM), as well as other well-known types of memory. As one skilled 
in the art will appreciate, there is a broad range, depending upon the particular 
application, of personal or other computers, input/outputs, processors and memories 
that may be utilized with the present invention. 

Host computer 94 receives the variable input signal 92 from sensor 24 and 
provides a variable output signal to magnetically-controllable device 14. As 
discussed above, there is a continual feedback loop between computer system 20 and 
haptic interface device 18, and hence between host computer 94, magnetically- 
controllable device 14 and sensor 24. The interactive program being processed by 
host computer 94 uses the variable input signal from sensor 24 as an input to the 
interactive program. Using this input, host computer 94 further processes the 
interactive program to determine the variable output signal to send to magnetically- 
controllable device 14. 

For example, the interactive program within host computer 94 processes an ' 
input signal 92 from sensor 24 and determines a resistance force required from 
magnetically-controllable device 14 to coordinate what operator 12 is viewing on 
display 22 with what the operator is feeling through haptic interface device 18 to 
simulate real-life sensations. Host computer 94 sends a signal 114 to display 22 to 
update the image being displayed, and concurrently sends a output signal to 
magnetically-controllable device 14. The output signal sent to magnetically- 
controllable device 14, for example, may be an electric current having a value in 
25 proportion to a resistance force desired to be felt by operator 1 2. 

Referring to Fig. 4, the electric signal may be transferred through wires 84 or 
84' to selectively energize magnetic-field generating device 34 or 34'. The 
resistance forces between member 36 or 36' and rotor 42 may be changed by the 
magnetic field produced across magnetically-controllable medium 44 or 44'. As a 
30 result, a change in the energy transferred from motor 16, through member 36 or 36', 
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112 may be a signal that requires a reflex-like response, such as the firing of a gun, 
for example. Rather than burdening host computer 94 with processing these types of 
signals, which may be very frequent, control unit 30 may provides the processing 
capability. Input signal 1 12 may be completely processed by control unit 30, thereby 
5 advantageously reducing the processing burden on host computer 94. The use of 
control unit 30 increases the efficiency of system 10 by performing force feedback 
computations in parallel with the force feedback computations being performed by 
host computer 94 in running the interactive program. Similarly, control unit 30 may 
receive concise high-level commands, comprising all or a portion of output signal 
10 102, to be processed locally therein. These high-level commands may represent 
simple force feedback sensations that may be easily processed locally by control unit 
30. Thus, in effect, control unit 30 provides a parallel processing capability to host 
computer 94 to maximize the overall efficiency of system 10. 

Modified variable output signal 102' provided by control unit 30 may require 
15 further processing before being received by magnetically-controllable device 14. 
Modified signal 102' may be received by amplification device 90, for example, to 
boost the level of modified signal 102' to provide amplified variable output signal 
102". Modified signal 102' may be a variable signal of low electrical current that is 
not sufficient to properly energize coil 80 to produce a magnetic field to the desired 
20 strength to provide the desired resistance forces. To solve this problem, 
amplification device 90 proportionally increases the strength or amperage of 
modified signal 102' to a level sufficient to properly energize coil 80. Thus, 
amplification device 90 advantageously allows lower strength signals to be processed 
within system 10, thereby saving cost by requiring less heavy duty components and 
25 less power, before boosting the signal to a level required to properly energize 
magnetically-controllable device 14. 

As mentioned above, control unit 30 and amplification device 90 may be a 
part of computer system 20 or haptic interface unit 26 or they may be separate 
components within system 10. Those skilled in the art will realize that the various 
components described above may be combined in numerous manners without 
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affecting the operability of the system. Similarly, some of the components, such as 
control unit 30 amplification device 90, may not be required if their function can be 
adequately performed by other system components, such as host computer 94 Thus 
variation of the above-described configuration of system 10 is contemplated by the' 
present invention. 

Haptic interface system 10 comprises two closely coupled, interactive 
functions: a sensory input function and a force output function. The sensory input 
functton tracks the operator's manual manipulation of the haptic interface device 
feeding sensory data to the host computer representative of those manipulations The 
force output function provides physical feedback to the operator in response to 
commands from the host computer. These two functions at* intertwined in that the 
sensory input function generahy varies in reS ponse to the force output function and 
v.ce versa. In other words, the operator's manipulations of the haptic interface 
dev,ce are affected by the applied resistance forces, or force feedback, and the 
apphed resistance forces are dependent upon the manipulations of the operator 
Thus, haptic interface system 10 involves a very complex and continual interaction. 

In operation, host computer 94 nms an interactive program, such as a game 
using processor 98 to generate a video signal 114 received by display 22. Video 
signal 1 14 is an electrical signa. used to generate an image, corresponding to an event 
oceumng within the game, on display 22. Operator 12 responds to the even, by 
moving haptic interface device 18, such as a steering wheel or a joystick in 
conjunction with the viewed event. Sensor 24 sends variable input signal 92 
comprising tracking information representing the position of the wheel or joystick to 
control unit 30. Control unit 30 may respond to the information by processing the 
information locally, and by forwarding the information, or a modified form of the 
information, as a modified input signal 92' to host computer 94. Even when 
processing information locally, control unit 30 may provide modified input signal 92' 
to host computer 94 and/or display 22 to update the generated image of the event to 
correspond with the latest input. 
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Host computer 94 receives modified signal 9T from control unit 30 and 
.nputs that information into processor 98 that is running the interactive game Host 
computer 94, based on the processing of modified input signal 92>> updates ^ 
of the even, generated on display 22 and provides an output signaj ,02 to affect the 
resistance forces, and hence the force feedback sensations, felt by operator ,2 in 
moving the haptic interface device ,8 (e.g. a wheel, joystick or other human 
■nterface). Output signal 102 may be modified by control unit 30 and amplified by 
amplification device 90 before reaching magnetically-controllable device ,4 as 
amplrfied variable output signal ,02". The amplified variable output signal 102" 
mmates a resistance force as computed by host computer 94 to coordinate with the 
event. Amplified variable output signal ,02" thereby se.ectiveJy energizes coil 80 or 
80' wrthin magnetically-controllable device ,4 to produce a magnetic fie.d The 
magnet.c field is applied across working space 48 or 48'. affecting the shear strength 
of magnetically-controllable medium 44 or 44' contained within absorbent element 
46 or 46'. The affect on the shear strength of medium 44 or 44' creates resistance 
forces between first member 36 or second member 36' and rotor 42, which is 
connected to haptic interface device 18 through shaft 40. As a result, operator ,2 
feels the resistance forces through haptic interface device 18. Thus, haptic interface 
system 10 imparts force resulting in active force feedback sensations to operator 12 
through haptic interface device 18 to simulate the feel, for e*amp,e, of jolting blasts 
ng.d or soft surfaces, viscous liquids, increased gravity, comp.ian, springs, jarring 
v.brations, grating textures, heavy masses, gusting winds, and any other physical 
phenomenon that can be represented mathematically and computed by computer 
system 20. ' 
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While haptic interface system 10 has been described in reference to the 
partrcular embodiments of haptic interface units and magnetically-controllable 
dev,ces described above, many other variations and configurations may be employed 
ut.hz.ng the teachings of a magnetically-controllable haptic interface system 
d.sclosed herein. There are a multitude of haptic interface devices ,8 that each may 
requrre a different configuration of the component described above. For examp,e 
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the particular haptic interface device may require linear, rotational, and partial 
rotational or curvilinear forces. The teachings set forth in this disclosure can be 
adapted to encompass such requirements. Similarly, other embodiments of a 
magnetically-controllable device 14 may be utilized to provide similar results. For 

5 example, magnetically-controllable devices that transfer uni-directionaJ rotational 
energy, linear, and partial rotational or curvilinear energy may be required. Again, 
the principles disclosed herein may be adapted to encompass such requirements. 

Although the invention has been described with reference to these preferred 
embodiments, other embodiments can achieve the same results. Variations and 

10 modifications of the present invention will be apparent to one skilled in the art and 
the following claims are intended to cover all such modifications and equivalents. 
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Claims 

What is claimed is: 

1. A haptic interface system for providing force feedback to an operator, 
comprising: 

a computer system for receiving a variable input signal and providing a 
variable output signal, said computer system adapted for running an interactive 
program that processes said variable input signal and in response derives said 
variable output signal; and 

a magnetically-controllable device including a magnetically-controllable 
medium, said device receives said variable output signal and provides a variable, 
active, force feedback based upon said variable output signal. 

2. A haptic interface system as recited in claim 1, further comprising a haptic 
interface device adapted to be in operative contact with said operator for controlling 
and responding to said interactive program, said haptic interface device in 
communication with said magnetically-controllable device and having a plurality of 
positions, said haptic interface device receiving said force feedback. 

3. A haptic interface system as recited in claim 2, further comprising a sensor 
for identifying a detected position within said plurality of positions of said haptic 
interface device, said sensor providing said variable input signal based on said 
detected position. 

4. A haptic interface system as recited in claim 3, wherein said magnetically- 
controllable device comprises: 

a magnetic field generating device energizable by said variable output signal 
to provide a variable strength magnetic field; 

a first member adjacent to said magnetic field generating device; 

a second member adjacent to said magnetic field generating device and in 
communication with said haptic interface device; 

a motor in communication with at least said second member, said motor 
providing actuating energy; and 
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said magnetically-controllable medium located between said first member 
and said second member, said magnetically-controllable medium providing variable 
resistance forces in response to said variable strength magnetic field between said 
first member and said second member for controlling said force feedback applied to 
5 said haptic interface device. 

5. A haptic interface system as recited in claim 4, further comprising an 
absorbent element disposed between said first member and said second member, said 
absorbent element retaining said magnetically-controllable medium. 

6. A haptic interface system as recited in claim 5, wherein said absorbent 
10 element is compressed by a compression amount from a resting state. 

7. A haptic interface system as recited in claim 6, wherein said compression 
amount is in the range of about 30% to 70 % of said resting state. 

8. A haptic interface system as recited in claim 6, wherein said compression 
is provided by at least one spring member. 

15 9. A haptic interface system as recited in claim 8, wherein said at least one 

spring member comprises a plurality of coil springs. 

10. A haptic interface system as recited in claim 5, wherein said absorbent 
element is an open-celled foam. 

11. A haptic interface system as recited in claim 10, wherein said absorbent 
20 element is a polyurethane material. 

12. A haptic interface system as recited in claim 5, wherein said absorbent 
element is formed as a matrix structure having open spaces for retaining said 
magnetically-controllable medium. 

13. A haptic interface system as recited in claim 12, wherein said magnetic 
25 field generating device is a coil. 

14. A haptic interface system as recited in claim 13, wherein said coil 
comprises a wire having a number of turns and a gauge, wherein said number of turns 
and said gauge are dependent upon the desired range of said variable strength 
magnetic field. 
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15. A haptic interface system as recited in claim 14, wherein said output 
signal comprises a voltage and a current, and wherein said number of turns and said 
gauge are dependent upon a desired range of said voltage and said current, and 
wherein said voltage and said current are dependent upon a desired range of said 

5 variable strength magnetic field. 

16. A haptic interface system as recited in claim 4, wherein said resistance 
forces are transferred to said haptic interface device through said second member. 

17. A haptic interface system as recited in claim 16, wherein said second 
member is adapted for movement relative to said first member. 

10 18 - A ha Ptic interface system as recited in claim 16, wherein said second 

member is adapted for rotational movement relative to said first member. 

19. A haptic interface system as recited in claim 16, wherein said haptic 
interface device comprises a steering device. 

20. A haptic interface system as recited in claim 19, wherein said haptic 
1 5 interface device comprises a joystick. 

21. A haptic interface system as recited in claim 19, wherein said haptic 
interface device comprises a steering wheel. 

22. A haptic interface system as recited in claim 1, wherein said interactive 
program is a video game. 

20 23 - A ha Ptic interface system as recited in claim 3, wherein said computer 

system further comprises a host computer having a processor that runs said 
interactive program. 

24. A haptic interface system as recited in claim 23, wherein said computer 
system further comprises a control unit having a microprocessor and firmware, said 

25 control unit modifying said variable input signal received from said sensor and 
providing a modified variable input signal to said host computer, said control unit 
further modifying said variable output signal and providing a modified output signal 
to said magnetically-controllable device. 

25. A haptic interface system as recited in claim 24, further comprising an 
30 amplifier device in communication with said control unit and said magnetically- 
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controllable device, said amplifier device receiving said modified output signal and 
providing an amplified output signal to said magnetically-controllable device. 

26. A haptic interface system as recited in claim 1, further comprising a 
video display for displaying images resulting from the processing of said interactive 

5 program by said computer system. 

27. A haptic interface system for providing force feedback to an operator, 
comprising: 

a computer system for receiving a variable input signal and providing a 
variable output signal corresponding to a feedback force, said computer system 
10 adapted for running an interactive program that processes said variable input signal 
and in response derives said variable output signal; 

a motor for providing actuating energy; 

a magnetically-controllable device including an absorbent element containing 
a magnetically-controllable medium that provides variable resistance, said 
15 magnetically-controllable device in communication with said computer system for 
receiving said variable output signal and providing a variable, active, feedback force 
from said actuating energy by varying the resistance of said magnetically- 
controllable medium based upon said variable output signal; and 

a haptic interface device adapted to be in operative contact with said operator 
20 for controlling and responding to said interactive program, said haptic interface 
device in communication with said magnetically-controllable device and having a 
plurality of positions, said haptic interface device receiving said feedback force. 

28. A haptic interface system for providing force feedback to an operator, 
comprising: 

25 a host computer for receiving a variable input signal and providing a variable 

output signal and a video signal, said computer system adapted for running an 
interactive program that processes said variable input signal and in response derives 
said variable output signal; 



WO 00/28405 



32 



PCT/US99/26047 



a magnetically-controllable device including a magnetically-controllable 
medium, said device receives said variable output signal and provides a variable, 
active, force feedback based upon said variable output signal; 

a haptic interface device adapted to be in operable contact with said operator 
5 for controlling and responding to said interactive program, said haptic interface 
device in communication with said magnetically-controllable device and having a 
plurality of positions, said haptic interface device receiving said force feedback; 

a sensor for identifying a detected position within said plurality of positions 
of said haptic interface device, said sensor providing said variable input signal based 
10 on said detected position; and 

a control unit having a microprocessor and firmware, said control unit in 
communication with said host computer, said sensor and said magnetically- 
controllable device, said control unit modifying said variable input signal into a 
format recognizable by said host computer, said control unit further modifying said 
15 variable output signal into a format recognizable by said magnetically-controllable 
device. 

29. A haptic interface system as recited in claim 28, wherein said 
magnetically-controllable device comprises: 

a motor for providing actuating energy; 
20 a first energizable portion responsive to said variable output signal, 

and in communication with said motor, for providing force feedback actuating 
energy in a first rotational direction; and 

a second energizable portion responsive to said control signals, and in 
communication with said motor, for providing force feedback actuating energy in a 
25 second rotational direction. 

30. A force feedback control system, comprising: 

a computer system for receiving a variable input signal and providing a 
variable output signal, said computer system adapted for running an interactive 
program that processes said variable input signal and in response derives said 
30 variable output signal corresponding to a level of rotational force feedback; 
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a rotatable shaft for transferring said level of rotational force feedback; 
a rotor fixedly attached to said shaft, said rotor having a first side and a 
second side; 

a sensor device in communication with said rotatable shaft and said computer 
5 system, said sensor device providing said variable input signal representative of a 
rotational position of said rotatable shaft to said computer system; 

a first rotatable member adjacent to said first side of said rotor; 

a second rotatable member adjacent to said second side of said rotor; 

a first coil disposed between said first rotatable member and said rotor, said 
10 first coil energizable in response to said variable output signal to produce a first, 
variable-strength magnetic field; 

a second coil disposed between said second rotatable member and said rotor, 
said second coil energizable in response to said variable output signal to produce a 
second, variable-strength magnetic field; 
15 a first absorbent matrix comprising a magnetically-controllable medium 

disposed between said first rotatable member and said rotor, said first absorbent 
matrix providing variable resistance between said first rotatable member and said 
rotor in proportion to the strength of said first magnetic field; 

a second absorbent matrix comprising said magnetically-controllable medium 
20 disposed between said second rotatable member and said rotor, said second absorbent 
matrix providing variable resistance between said second rotatable member and said 
rotor in proportion to the strength of said second magnetic field; and 

a motor for providing said rotational force feedback energy in communication 
with said first rotatable member and said second rotatable member, said motor 
25 adapted for rotating said shaft in a first direction by transferring energy through said 
first rotatable member to said rotor and said motor adapted for rotating said shaft in a 
second direction by transferring energy through said second rotatable member to said 
rotor through the selective energization of said first coil and said second coil. 
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31. A force feedback control system as recited in claim 30, further 
comprising a haptic interface device, in communication with said rotatable shaft, for 
receiving said rotational force feedback. 

32. A force feedback control system as recited in claim 31, wherein said 
5 haptic interface device comprises a steering device. 

33. A force feedback control system as recited in claim 31, wherein said 
haptic interface device comprises a joystick. 

34. A force feedback control system as recited in claim 31, wherein said 
motor is in communication with said computer system and responsive to said force 

10 feedback control signals. 

35. A haptic interface unit, comprising: 

a motor for providing actuating energy; and 

a magnetically-controllable device including a magnetically-controllable 
medium, said device for receiving a variable input signal corresponding to a feedback 
15 force, said magnetically-controllable device variably transferring said actuating 
energy to produce said feedback force based on said output signal. 

36. A haptic interface unit as recited in claim 35, further comprising a control 
unit having a microprocessor for generating said variable input signal. 

37. A magnetically-controllable device for providing active force feedback to 
20 an operator, comprising: 

a rotatable shaft; 

a rotor in communication with said shaft, said rotor having a first side and a 
second side; 

a first rotatable member on said first side of said rotor; 
25 a second rotatable member on said second side of said rotor; 

a magnetically-controllable medium disposed between said first rotatable 
member and said rotor and disposed between said second rotatable member and said 
rotor, said magnetically-controllable medium having a shear rate that varies in 
response to the strength of an applied magnetic field for providing variable resistance 
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between each of said first rotatable member and said rotor and said second rotatable 
member and said rotor; and 

a motor in communication with said first rotatable member and said second 
rotatable member, said motor adapted for bi-directionally rotating said shaft through 
5 the selective application of said magnetic field to said magnetically-controllable 
medium. 

38. A magnetically-controllable device as recited in claim 37, wherein said 
motor is adapted for rotating said first rotatable member and said second rotatable 
member in opposite directions. 
10 39. A magnetically-controllable device as recited in claim 38, wherein said 

motor is adapted for rotating said first rotatable member and said second rotatable 
member at the same time. 

40. A magnetically-controllable device as recited in claim 39, further 
comprising: 

15 a first coil disposed on said first side of said rotor, said first coil energizable 

to produce a magnetic field interacting with said magnetically-controllable medium 
for providing resistance forces between said first rotatable member and said rotor for 
rotating said shaft in a first direction; and 

a second coil disposed on said second side of said rotor, said second coil 

20 energizable to produce a magnetic field interacting with said magnetically- 
controllable medium for providing resistance forces between said second rotatable 
member and said rotor for rotating said shaft in a second direction. 

41. A magnetically-controllable device as recited in claim 40, further 
comprising: 

25 a first absorbent structure disposed between said first rotatable member and 

said rotor, said first absorbent structure containing a portion of said magnetically- 
controllable medium; and 

a second absorbent structure disposed between said second rotatable member 
and said rotor, said second absorbent structure containing a portion of said 

30 magnetically-controllable medium. 
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42. A magnetically-controllable device as recited in claim 41, wherein each 
of said first absorbent structure and said second absorbent structure is compressed by 
a compression amount from a resting state. 

43. A magnetically-controllable device as recited in claim 42, wherein said 
5 compression amount is in the range of about 30 - 70 % of said resting state. 

44. A magnetically-controllable device as recited in claim 41 wherein each of 
said first absorbent structure and said second absorbent structure is an open-celled 
foam. 

45. A magnetically-controllable device as recited in claim 41, further 
10 comprising said rotor fixedly attached to said shaft, said rotor having a first recess 

within said first side and a second recess in said second side, and wherein said first 
coil is disposed within said first recess and said second coil is disposed within said 
second recess. 

46. A magnetically-controllable device as recited in claim 41, wherein said 
15 first rotatable member comprises a first recess and said second rotatable member 

comprises a second recess, and wherein said first coil is disposed within said first 
recess and said second coil is disposed within said second recess. 

47. A magnetically-controllable device as recited in claim 41, wherein said 
first rotatable member and said second rotatable member each comprise a body 

20 portion, and wherein said motor further comprises an output shaft that interconnects 
with said body portion. 

48. A magnetically-controllable device as recited in claim 47, wherein said 
body portion for each of said first rotatable member and said second rotatable 
member further comprises a circumferential flange, and wherein said output shaft 

25 interacts with said circumferential flange. 

49. A magnetically-controllable device as recited in claim 48, wherein said 
output shaft transfers rotational energy. 

50. A magnetically-controllable device as recited in claim 48, wherein said 
output shaft transfers linear energy. 

30 
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